Poly(hexamethylene terephthalate) (PHT)/carbon nanotubes (CNT) nanocomposites containing 1% and 3% (w/w) of filler were prepared by two procedures: in situ ring-opening polymerization of hexamethylene terephthalate cyclic oligomers in the presence of CNT and melt blending of PHT/CNT mixtures. Arc discharge multiwalled carbon nanotubes, both pristine (MWCNT) and hydroxyl functionalized (MWCNT-OH), were used. The objective was to evaluate the effect of preparation procedure, nanotube sidewall functionalization and amount of nanotube loaded on properties of PHT. All nanocomposites showed an efficient distribution of the carbon nanotubes within the PHT matrix but interfacial adhesion and reinforcement effect was dependent on both functionalization and nanotubes loading. Significant differences in thermal stability and mechanical properties ascribable to functionalization and processing were observed among the prepared nanocomposites. All the prepared nanocomposites showed enhanced crystallizability due to CNT nucleating effects although changes in melting and glass transition temperatures were not significant.
Introduction
Since their discovery in 1991 [1] , carbon nanotubes (CNT) have attracted great attention owing to their unique structure and exceptional physical properties. The outstanding mechanical behavior, extremely large interfacial contact area, high aspect ratio, and low mass density of CNT make them ideal reinforcement filler for nanocomposite materials [2] . Along these last years it has become evidenced that advanced multifunctional composite materials can be satisfactorily prepared by the incorporation of nanotubes in different polymer matrices [3] .
Great efforts are being recently addressed to the preparation of aromatic polyester nanocomposites with the aim of improving the properties of these materials and spreading their use. Poly(hexamethylene terephthalate) (PHT) is a non-commercial aromatic polyester of both academic and applied interest. As it is characteristic of semicrystalline aromatic polyesters, PHT exhibits fair mechanical properties, an excellent chemical resistance [4] . Due to the presence of the flexible hexamethylene segment in the polyester chain, PHT has a relatively low T m (~140 °C), which could be regarded as advantageous for a more economical and easier processing [5] [6] . In the present work PHT nanocomposites containing multiwall nanotubes both OHfunctionalized and without functionalization are prepared and characterized. The objective is to evaluate the effect of multiwalled carbon nanotubes on the basic properties of PHT taking into account both the amount loaded and side-wall functionalization.
When successful, the influence of nanotubes on the polymer matrix is markedly reflected on morphology [7] , crystallinity [8] , and thermo-mechanical properties [9, 10] .
However such positive effects are by no means always observed due to the difficulties encountered in dispersing adequately the nanotube bundles in the highly viscous polymer matrix, which is essential for ensuring a good interfacial stress transfer between the two components [11] . Three methods are usually applied to produce polymer/carbon nanotubes nanocomposites, i.e., solution mixing [12] , melt blending [13] , and in situ polymerization of monomers or oligomers in the presence of the nanotubes [14] . These last two methods are applied in this work to prepare the PHT/CNT nanocomposites and results obtained therefrom are compared and critically discussed.
Experimental

Materials
The solvents used for purification and characterization, such as chloroform, dichloroacetic acid (DCA) and 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP), were highpurity grade and used as received. Poly(hexamethylene terephthalate) was synthesized by conventional melt polycondensation of 1,6-hexanediol (HD) with dimethyl terephthalate (DMT). Hexamethylene terephthalate cyclic oligomers c(HT) n with n=2-7 were obtained by cyclo-depolymerization of PHT. The procedures for these two syntheses have been recently described in full detail and applied here with minor modifications [4] . Multiwalled carbon nanotubes (MWCNT) were produced by electricarc discharge and their functionalization performed as it is shown in Scheme 1. In brief, MWCNT were oxidized with HNO 3 /H 2 SO 4 3/1 (v/v) during 1 h at 100 ºC to obtain the carboxyl-functionalized nanotubes (MWCNT-COOH). The MWCNT-COOH were then made to react with an excess of SOCl 2 under reflux during 24 h to obtain the acyl chloride derivative (MWCNT-COCl). The acyl chloride-functionalized nanotubes were dispersed in 1,4-butanediol adding 3 mL of pyridine and the dispersion maintained at 100 ºC for 3 days under vigorous stirring to finally obtain the hydroxyl-functionalized nanotubes (MWCNT-OH).
Nanocomposite preparation by in situ ring-opening polymerization
Nanotubes, either functionalized or without functionalizing, and cyclic oligomers c(HT) 2-7 used for nanocomposite preparation were previously dried overnight at 60 ºC in a ventilated oven. The nanotubes were suspended in chloroform ~0.2% (w/v) and the suspension was sonicated for 30 min at 0 ºC and then mixed with a 10% (w/v) solution of c(HT) [2] [3] [4] [5] [6] [7] in chloroform. All sonication treatments were carried out in a Sonoplus HD2200 ultrasonic homogenizer (Bandelin, Germany) with a cylindrical tip MS72 (2 mm end cap diameter) at the frequency of 20 KHz. The solvent was slowly evaporated under vigorous stirring and the residue was dried at 50 °C under reduced pressure for 24 h. The solid mixture of cyclic oligomers c(HT) [2] [3] [4] [5] [6] [7] and nanotubes was added with Sb 2 O 3 (0.5%-mole) and introduced into a flask equipped with a nitrogen inlet/outlet. The flask was purged with nitrogen to remove all traces of moisture and residual air, and immersed in an oil heating bath and the reaction carried out at 200 ºC for 30 min. The final reaction mixture was quenched in an ice-water bath and the atmospheric pressure was recovered using nitrogen to prevent degradation. A similar procedure was followed for the polymerization of c(HT) [2] [3] [4] [5] [6] [7] to obtain the PHT used for reference.
Nanocomposite preparation by melt blending
Nanotubes, either functionalized or without functionalizing, were dried and mixed with PHT and the mixture was introduced through the addition funnel into a Minilab twin-screw mini-extruder (Haake Minilab Thermo-Electron Corporation, USA) equipped with two counter-rotating screws and a closed loop for recirculation. The mini-extruder temperature was set at 150 ºC and the mixture was left under recirculation for 3 min applying a rotating screw speed of 60 rpm which was then increased to 90 rpm for 10 min. The nanocomposite was recovered through the die and cooled down to room temperature. For comparative purposes PHT was also processed by applying exactly the same procedure.
Characterization
Molecular weight analyses were performed by gel permeation chromatography (GPC) using HFIP containing sodium trifluoroacetate (6.8 g·L Thermogravimetric analysis (TGA) was carried out with a Perkin Elmer TGA-6 thermobalance at a heating rate of 10 ºC·min -1 under an air atmosphere. Raman spectra were recorded in a micro-Raman instrument T64000 of Jobin Yvon which consists of an Olympus optical microscope combined with a triple monochromador dispersive system and a CCD detector cooled at liquid nitrogen temperature. Scanning electron microscopy (SEM) microphotographs were taken with a JEOL SSM-6400 instrument from film samples prepared by melt compression (see details below) fractured in liquid nitrogen. Gold coating was accomplished by using a Balzers SDC-004 Sputter Coater.
X-ray diffraction experiments were carried out at the CRG-BM16 beamline of ESRF synchrotron in Grenoble (FR) from powdered samples using semicrystalline standard PET for calibration.
Tensile tests were conducted at room temperature using a Zwick BZ2.5/TN1S
universal tensile testing apparatus operating at a constant crosshead speed of 10 mm·min -1 using a 0.5-N preload and a grip-to-grip separation of 20 mm. All reported tensile data represent an average of at least six independent measurements. Mechanical testing was performed on melt compressed samples of rectangular shape 4 mm-width
and an average thickness of 0.16 mm.
Results and discussion
Nanotubes functionalization and nanocomposites synthesis
The reaction sequence corresponding to MWCNT functionalization is depicted in The two procedures applied here to prepare the nanocomposites are depicted in Scheme 2 and some characterization data are given in Table 1 Data provided by the thermogravimetry analysis are summarized also in Table   1 . All materials showed one main decomposition step obviously corresponding to PHT decomposition, which begins to degrade at approximately 375 ºC to be completely decomposed at 550 ºC ( Figure 2 ). It was observed that the addition of 1 % (w/w) of MWCNT increased the temperature of maximum weight loss rate (measured on the first derivative curve) of PHT in ∼15 °C , this value remaining essentially constant for further increase in filler content. Conversely, addition of functionalized carbon nanotubes only increased the temperature of maximum decomposition rate in ~ 10 ºC. A similar behavior was observed for the nanocomposites prepared by melt blending although the effect was a more attenuated.
Morphological observations
Scanning electron microscopy provided clear indications about the dispersion of the MWCNT in the polymer matrix ( Figure 2) . A high degree of dispersion of the pristine nanotubes in the nanocomposites was attained by using any of the two procedures ( Figures 2a and 2c) 
Mechanical properties of nanocomposites
The mechanical properties of the PHT nanocomposites were found to be dependent on the amount of loaded nanotubes and even more, on the degree of dispersion that is attained in the nanocomposite. Table 1 shows the tensile test data for the different studied composite materials. As it is shown in Figure 3 , the presence of nanotubes does not alter the overall mechanical pattern of behavior of PHT. What is really remarkable is that incorporation of nanotubes, for whichever type used and preparation method applied, led to a significant increase in the Young's modulus. In the case of the nanocomposites prepared by the in situ ROP procedure, the observed increase in the Young modulus is particularly significant due to the lower polymerization degree that the PHT has in this case (lower viscosity observed) indicating that the effect of the MWCNT loading is even higher. This effect is more pronounced for functionalized nanotubes with an increase of more than 100% for the ropPHT/MWCNT-OH 3% (w/w); this result is consistent with the greater interfacial contact attained for the nanocomposites prepared from these nanotubes.
The changes observed in stress and strain at break of PHT upon addition of nanotubes were not as consistent as those observed for the elastic modulus. In general, the ultimate elongation of PHT decreased significantly with the amount of added filler dropping off to around 25% of the original value for the nanocomposites containing 3%
(w/w) of MWCNT. This reduction in elongation was more moderated (only to 50%) in the case that modified nanotubes were used. The stress at break was no so sensitive to the nanotube loading as the other mechanical parameters and displayed an uneven response regarding composition; it increased for 1% (w/w) of nanotubes load but decreased more or less notably when the content of filler increased
Melting and crystallization of nanocomposites
The effect of CNT addition on PHT melting and crystallization was examined by DSC ( Figure 4 ) and recorded data are listed in Table 2 . All the samples exhibit a single crystallization exotherm and a single or double melting endotherm depending of the filler used. No significant differences in either T m or T g were observed upon nanotube addition. On the contrary, T c was found to increase, such increasing being even more noticeable for nanocomposites made from unfunctionalized nanotubes. This result evidences the nucleating effect of MWCNT, which appears to be more pronounced in the case of pristine nanotubes. Nevertheless, the effect of CNT on crystallinity was small; increases in the melting enthalpy of less than 10% were observed in the most favorable case.
A double peak endotherm is observed for the melting of neat PHT as well as for the PHT in nanocomposites made from MWCNT-OH. On the contrary, PHT crystallized in the presence of unfunctionalized nanotubes, MWCNT, displays a single peak melting endotherm. Multiple peak melting in polymer is a common phenomenon that is usually attributed either to the presence of crystallite populations differing in sizes or to the occurrence of a process of melting-crystallization-remelting taking place at heating.
Nevertheless, the complex melting behavior of PHT has been studied extensively and According to available reported data [15, 16] , these peaks arise from the β crystal form of PHT that usually is generated after the heat-treatment.
A comparative isothermal crystallization study of materials to evaluate the crystallizability in more detail was performed by DSC. The crystallization plots displaying the evolution of the relative crystallinity with time are depicted in Figure 5a and 5c for the two series at the crystallization temperatures of 132.5 ºC and 135 ºC, respectively. The corresponding double logarithmic Avrami plots for the crystalinity range of 0.4-1.0 are depicted in Figure 5b and 5d. The Avrami treatment [17] of these data led to determine the isothermal crystallization parameters K and n, as well as the half-crystallization time t 1/2 ( Table 2) . As expected, crystallization rate decreased with crystallization temperature reflecting a regular increasing of crystallization half-times for increasing values of T c (results not shown). What was clearly revealed in this study is that nanotube addition speeded up crystallization for both ROP and melt-blending prepared nanocomposites and that this effect increased with nanotube loading but diminished with functionalization. The weaker nucleating effect of functionalized CNT compared to the pristine ones could be ascribed to the smaller effective CNT surface remaining after attachment of the grafted polymer. Roughly similar changes were found for nanocomposites obtained by the two procedures. As seen in Table 2 , the Avrami exponent of neat PHT with a value close to 2 changed to values between 1.9 and 1.5 upon nanotube addition. The trend observed is that n goes towards lower values as the content in CNT increases. This trend is shared by nanocomposites prepared by the two methods and whichever type of nanotube used. As it is generally accepted, Avrami exponents about 2 are interpreted as arising from the material crystallized by heterogeneous nucleation in two-dimensional morphologies. Although the trend observed for n with composition changes is clear, no definite conclusions can be drawn at this stage; in fact, observations previously reported in this regard by other authors are not in full agreement. [18, 19] 
Conclusions
Poly(hexamethylene terephthalate) multiwalled carbon nanotubes nanocomposites were prepared by dispersing MWCNT or modified MWCNT-OH nanotubes into PHT by two procedures, in situ ring-opening polymerization of cyclic hexamethylene oligomers and melt blending of the CNT with the PHT in the melt. Well dispersed materials were obtained by the two procedures although functionalization was proved to be decisive to attain a satisfactory compatibilization. Changes in mechanical properties of the nanocomposites concerned mainly the elastic modulus with an increase in the stiffness that attained 100% for nanocomposites prepared by ROP with 3% (w/w) of MWCNT-OH. The thermal stability of nanocomposites was slightly improved whereas changes in T m and T g were almost negligible. Conversely a significant increase in melting enthalpy and crystallization temperature of PHT was observed upon addition of either MWCNT or MWCNT-OH nanotubes. The comparative Isothermal crystallization study revealed that nanocomposites crystallized at higher rates than PHT and that the rate increased with the amount of nanotubes loaded. The final conclusion of this work is that reinforcement of PHT with MWCNT affords thermally stable materials with improved mechanical properties and enhanced crystallizability, effects that are more efficiently attained when they are prepared by ROP and functionalized CNT are used. Table 2 Melting temperatures and enthalpies, crystallization temperatures, and crystallinity degrees of PHT nanocomposites. 
